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Exposure to fine airborne particulate matter (PM2.5) is associated
with cardiovascular events and mortality in older and cardiac pa-
tients. Potential physiologic effects of in-vehicle, roadside, and am-
bient PM2.5 were investigated in young, healthy, nonsmoking, male
North Carolina Highway Patrol troopers. Nine troopers (age 23 to
30) were monitored on 4 successive days while working a 3 P.M.
to midnight shift. Each patrol car was equipped with air-quality
monitors. Blood was drawn 14 hours after each shift, and ambula-
tory monitors recorded the electrocardiogram throughout the shift
and until the next morning. Data were analyzed using mixed mod-
els. In-vehicle PM2.5 (average of 24 g/m3) was associated with
decreased lymphocytes (11% per 10 g/m3) and increased red
blood cell indices (1% mean corpuscular volume), neutrophils (6%),
C-reactive protein (32%), von Willebrand factor (12%), next-morn-
ing heart beat cycle length (6%), next-morning heart rate variability
parameters, and ectopic beats throughout the recording (20%).
Controlling for potential confounders had little impact on the effect
estimates. The associations of these health endpoints with ambient
and roadside PM2.5 were smaller and less significant. The observa-
tions in these healthy young men suggest that in-vehicle exposure
to PM2.5 may cause pathophysiologic changes that involve inflam-
mation, coagulation, and cardiac rhythm.
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During the past decade, many epidemiologic studies have reported
statistically significant positive correlations between daily mean
concentrations of air pollution particulate matter (PM) with an
aerodynamic diameter equal to or less than 2.5 m (PM2.5) and
increased mortality and morbidity attributable to respiratory and
cardiovascular causes, as reviewed in the U.S. Environmental
Protection Agency Air Quality Criteria for Particulate Matter
document (1). Exposure to PM2.5 was positively associated with
acute myocardial infarction (2) and with daily deaths for cities
throughout the United States, with a linear dose–response rela-
tionship extending to very low PM2.5 concentrations (3). Because
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Institut de Santé au Travail (Institute of Occupational Health Sciences), Rue du
Bugnon 19, CH-1005 Lausanne, Switzerland. E-mail: michael.riediker@alumni.
ethz.ch
This article has an online supplement, which is accessible from this issue’s table
of contents online at www.atsjournals.org.
Am J Respir Crit Care Med Vol 169. pp 934–940, 2004
Originally Published in Press as DOI: 10.1164/rccm.200310-1463OC on February 12, 2004
Internet address: www.atsjournals.org
of the large fraction of the population potentially exposed to PM,
it has been estimated that 800,000 excess deaths worldwide each
year may be attributable to PM (4). Older individuals with under-
lying cardiac or pulmonary disease appear to be at greatest risk
(5, 6). Inhalation of PM might result in cardiopulmonary events,
which then rapidly trigger increased mortality or morbidity in
a small fraction of the population. Two recent studies report
associations between elevated PM levels and serious ventricular
arrhythmias (7) as well as myocardial infarctions (8). However,
the underlying pathophysiologic mechanisms that link PM and
cardiopulmonary mortality are still poorly understood.
Heart rate variability (HRV) is influenced by autonomic con-
trol mechanisms and helps to identify patients with an increased
risk of cardiac mortality (9). Therefore, several panel studies ana-
lyzed ambulatory electrocardiogram recordings for PM-associ-
ated changes in HRV. In samples of older individuals living in
Baltimore (10) and Boston (11) and in cardiac patients (12), in-
creased PM2.5 concentrations were associated with small de-
creases in HRV. These changes were mostly seen in subjects with
preexisting cardiovascular conditions.
PM might also induce lung inflammation, which could cause
cardiovascular stress. Low levels of lower respiratory tract in-
flammation were observed in humans exposed to ambient PM
(13). Serum levels of C-reactive protein were increased in rela-
tion to ambient PM exposure (8), and acute-phase reactants
involved in thrombotic processes, such as fibrinogen, were in-
creased in association with exposure to PM (14).
We investigated the potential health effects of in-vehicle PM2.5
exposure in young, healthy North Carolina State Highway Patrol
troopers. Members of this police force spend the majority of
their working time in or near their cars and often in heavy traffic.
Previous epidemiologic studies had indicated that exposure to
particles of vehicular origin might be especially potent with re-
gard to increased mortality (15, 16), as well as increased acute
cardiovascular morbidity (17). Our hypothesis was that exposure
of these healthy young male individuals to PM2.5 from traffic
would lead to detectable changes in the autonomic regulation
of the heart, as measured by HRV, and that PM2.5 would induce
inflammatory responses large enough to be observable in the
peripheral blood. Detailed in-vehicle exposure data for PM2.5,
its components, gaseous co-pollutants and several organic com-
pounds were collected (18). This article describes the effects of
PM2.5. Potentially confounding co-pollutants and activity param-
eters were included in the analysis. Some of the results of this
study have been previously reported in the form of abstracts
(19, 20).
METHODS
Ten nonsmoking, male North Carolina State Highway Patrol troopers
volunteered to participate in this study in the autumn of 2001 while
working a 3 p.m. to midnight shift (but one had to be excluded because
of the high frequency of supraventricular ectopic beats and high serum
cholesterol levels). The institutional review board of the University of
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North Carolina School of Medicine approved the study. Written consent
was obtained from all troopers before their participation in the study.
The troopers refrained from alcohol, caffeine, and any medication 24
hours before the start and until the end of their participation.
Two troopers were monitored in parallel each week on 4 consecutive
workdays from Monday to Thursday. Venous blood was drawn before
the first shift and 10 to 14 hours after each shift. Blood samples were
processed immediately for storage and for transport to the laboratory.
Parameters analyzed included standard serum chemistry, differential
blood cell counts, and inflammation and coagulation markers. The
troopers wore ambulatory electrocardiogram monitors throughout the
shift and until the next morning. HRV was assessed during controlled
resting periods before the shift, after the shift (before going to bed),
and the next morning (immediately after awakening). The subjects sat
in a quiet room for 20 minutes, and data from the final 10 minutes
were used for the HRV analysis. Time–domain parameters included
the mean cycle length of R-R intervals for normal beats, the standard
deviation of all normal R-R intervals (SDNN) and the percentage of
successive normal R-R interval differences greater than 50 ms (PNN50).
The frequency spectrum was divided into low-frequency (LF) power
(0.04 to 0.15 Hz) and high frequency (HF) power (0.15 to 0.40 Hz).
The patrol cars were powered by a gasoline engine and were
equipped with air conditioning units. They had a fresh air intake without
filtration. Each patrol car was equipped with portable air-quality moni-
tors to measure PM2.5 and other air pollutants during the shift as described
earlier (18). PM2.5 was measured by two different methods: particle
collection on filters with gravimetric analysis (PM2.5Mass) and real-time
particle mass estimation from light scattering (PM2.5Lightscatter, most sensi-
tive to particles in the size range of 0.2 to 2.0 m). These measurements
served as an estimate for the troopers’ exposure during their work. The
route of the car was monitored with a global-positioning system tracking
device, and the troopers’ activities were obtained from official logs and
a diary. Data were also collected simultaneously at a site reflecting
urban ambient concentrations (PM2.5Ambient) and from multiple stationary
roadside locations near busy roads in Wake County (PM2.5Roadside). For
these outdoor sites, only gravimetric PM2.5 data are available.
Statistics were calculated using S-Plus 2000 for Windows (Mathsoft
Inc., Cambridge, MA). Mixed-effects regression models with restricted
maximum likelihood estimation were used to investigate the effects of
PM2.5 on HRV and blood parameters (21). The models included a
random intercept for each subject and fixed effects for the exposure
variables. All parameters as well as the residuals were tested for time
trends across the week. The effects of potential confounders were inves-
tigated by including them as fixed effects in the models.
Additional details on the methods used to calculate HRV, the pro-
cessing of the blood samples, and the data treatment procedures are
provided in an online supplement.
RESULTS
Subjects
Data from a total of nine individual male nonsmoking troopers
were used for the analysis, each with 4 consecutive days (10
troopers were monitored, but 1 had to be excluded because of
the high frequency of supraventricular ectopic beats and high
serum cholesterol levels). The age of the nine subjects (eight
white and one black) ranged from 23 to 30 years (average 27.3
years), the average weight from 74 to 102 kg (average 87 kg 
192 pounds), the height from 168 to 191 cm (average 179 cm 
70.5 inches), and the body mass index from 24 to 31 kg/m2
(average 27 kg/m2). They were all in excellent physical condition,
and all exercised several times per week.
Exposure
Pollutant levels in the patrol cars of the analyzed troopers were
highly variable but were always well below occupational thresh-
TABLE 1. IN-VEHICLE POLLUTANT CONCENTRATIONS
DURING THE ANALYZED SHIFTS: MEAN OF ALL SHIFTS,
RANGE OF THE SHIFT AVERAGES, AND CORRELATIONS
OF THE POLLUTANTS TO FINE PARTICULATE MATTER (PM2.5)
Correlation Coefficients
Concentrations (Spearman rho)
Mean Range PM2.5Lightscatter PM2.5Mass
PM2.5Lightscatter, g/m3 24.1 4.5–54.4 1.00 0.71†
PM2.5Mass, g/m3 23.0 7.1–38.7 0.71† 1.00
PM2.5Ambient, g/m3 32.3 9.9–68.9 0.67† 0.63†
PM2.5Roadside, g/m3 32.1 8.9–62.2 0.65† 0.58†
Ozone, ppb 12.4 4.7*–57.6 0.21 0.23
CO, ppm 2.6 0.9–5.9 0.53† 0.55†
NO2, ppb 35 1.6–213 0.30 0.06
Relative humidity, % 36 25–46 0.40† 0.33†
Temperature, C 25.6 20.3–29.1 0.17 0.15
Definition of abbreviations: ppb  parts per billion; PM2.5  particulate matter
with an aerodynamic diameter equal to or less than 2.5 m.
* After blank correction.
† Significant correlation with p  0.05.
old limits values (Table 1). Individual volatile organic compound
levels (hydrocarbons and aldehydes) inside the investigated cars
were in the parts per billion range. In-vehicle PM2.5 was 24% lower
than ambient and roadside concentrations, whereas in-vehicle CO,
NO2, aldehydes, hydrocarbons, and some metals were elevated.
On average, troopers spent 35% of their shift away from the
car, mostly inside buildings (office, jail, hospitals, or for dinner).
None of the investigated exposure parameters showed a time
trend for increasing or decreasing concentrations throughout the
weekdays. A detailed description of pollutants measured inside
the vehicles, at the roadside, and at the fixed ambient site is
published elsewhere (18).
Changes in Cardiac Parameters
Most HRV parameters increased significantly from the start of
the shift in the afternoon until midnight, and SDNN (in the time
domain) and total frequency power (in the frequency domain)
were further increased in the morning after awakening (see Ta-
ble E1 in the online supplement). None of the investigated car-
diac parameters showed a time–trend throughout the weekdays.
The associations between the PM2.5 concentrations inside the
cars (averages of the 9-hour shifts) and the HRV parameters
(at midnight and in the morning after the shift) are shown in
Table 2. PM2.5Lightscatter during the shift was significantly positively
associated with all time domain parameters (PNN50, SDNN,
and mean cycle length) as well as with HF power and the power
ratio LF/HF on the morning after the shift. The effect estimates
(slopes) for PM2.5Mass were similar; however, these associations
had a larger uncertainty, and only the effect estimate for mean
cycle length reached significance (Figure E1 in the online supple-
ment shows exposure–response plots for a selection of the sig-
nificant associations of health parameters to the PM2.5 measures).
The number of ectopic beats throughout the work shift and
during the contiguous night was low. Most supraventricular ec-
topic beats occurred during the sleep, whereas the ventricular
ectopic beats were most frequent in the late evening and around
wake-up. Both ventricular and supraventricular ectopic beats
were strongly increased in association with PM2.5Lightscatter but not
with PM2.5Mass (Table 2).
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TABLE 2. HEART RATE VARIABILITY AND ECTOPY PARAMETERS AND THEIR ASSOCIATION WITH THE IN-VEHICLE FINE
PARTICULATE MATTER (PM2.5)
Effect per 10 g/m3 PM2.5Lightscatter Effect per 10 g/m3 PM2.5Mass
Percentage Percentage
Parameter Mean SD Slope SE Change p Value Slope SE Change p Value
After shift resting period
MCL, ms 950 130 17.1 13.6 1.8 0.220 1.51 23.0 0.2 0.948
SDNN, ms 86 30 0.05 4.10 0.1 0.990 5.10 6.82 5.9 0.461
PNN50, % 41 19 5.04 2.46 12.4 0.051 0.89 4.28 2.2 0.838
LF 8.5 5.2 0.32 0.70 3.8 0.652 0.64 1.16 7.5 0.588
HF 5.1 3.4 0.54 0.45 10.6 0.244 0.03 0.77 0.6 0.968
Total power 48 78 15.6 9.5 32.7 0.113 19.4 17.0 40.6 0.262
Ratio LF/HF 1.9 1.1 0.17 0.15 8.9 0.252 0.20 0.24 10.4 0.411
Next morning resting period
MCL, ms 1001 140 41.9 12.7 4.2 0.003 63.4 20.9 6.3 0.005
SDNN, ms 129 42 15.2 5.02 11.7 0.006 10.3 9.45 7.9 0.288
PNN50, % 43 20 5.28 1.87 12.2 0.009 5.87 3.22 13.6 0.080
LF 12 6.8 0.60 0.90 5.1 0.510 0.25 1.49 2.1 0.871
HF 5.7 3.4 0.84 0.34 14.8 0.019 0.57 0.59 10.0 0.342
Total power 86 62 13.4 8.20 15.7 0.113 20.7 13.7 24.1 0.145
Ratio LF/HF 2.8 1.8 0.59 0.20 21.5 0.007 0.51 0.36 18.6 0.169
Ectopic beats
Ventricular, per hr 14.5 40.5 2.76 1.31 19.1 0.045 3.00 2.22 20.7 0.189
Supraventricular, per hr 4.48 4.52 1.03 0.39 23.0 0.014 0.42 0.70 9.4 0.552
Definition of abbreviations: HF  high frequency; LF  low frequency; MCL  mean cycle length; PM  particulate matter; PNN50  percentage of successive normal
R-R interval differences greater than 50 ms; SDNN  SD of all normal R-R intervals.
Effect estimates are given in absolute values (slopes with SE) and as percent change relative to the mean. p Values  0.05 are significant.
Changes in Vascular Components
Standard serum chemistries were within the normal range for
all subjects studied. Only serum osmolality was slightly elevated
with an average of 296 mOsm/kg (SD of 3.1 mOsm/kg). None of the
investigated vascular components showed a time–trend through-
out the weekdays. PM2.5 concentrations inside the cars were sig-
nificantly associated with changes in parameters of the blood that
was collected approximately 14 hours after the shift (Table 3). In
contrast with the cardiac measurements, vascular components
were more often significantly associated with PM2.5Mass than with
PM2.5Lightscatter.
Small but significant (p  0.0002) changes were seen for red
blood cell volume (MCV) in association with PM2.5Lightscatter. This
TABLE 3. BLOOD PARAMETERS (MEAN AND SD) AND THEIR ASSOCIATION WITH THE IN-VEHICLE FINE PARTICULATE MATTER
(PM2.5) CONCENTRATIONS
Effect per 10 g/m3 PM2.5Lightscatter Effect per 10 g/m3 PM2.5Mass
Blood Parameter Mean SD Slope SE % Change p Value Slope SE % Change p Value
Uric acid, serum, mg/dl 6.2 1.1 0.07 0.12 1.2 0.555 0.38 0.19 6.1 0.055
Hematocrit, % 45 3.0 0.70 0.27 1.5 0.014 0.29 0.48 0.6 0.554
MCV, fL 88 2.9 0.85 0.19 1.0 0.0002 0.78 0.37 0.9 0.045
MCH, pg 30 0.9 0.10 0.08 0.3 0.242 0.28 0.13 0.9 0.033
MCHC, g/dl 34 0.7 0.19 0.08 0.6 0.032 0.22 0.14 0.7 0.129
Neutrophils, % 58 8.5 1.85 1.00 3.2 0.077 3.56 1.61 6.2 0.036
Lymphocytes, % 31 7.4 1.71 0.87 5.5 0.059 3.29 1.39 10.5 0.025
Lymphocyte count, 103/l 1.6 0.4 0.05 0.04 3.0 0.281 0.13 0.07 8.4 0.063
C-reactive protein, mg/L 1.0 1.2 0.21 0.08 21.1 0.013 0.32 0.13 31.9 0.023
Plasminogen, IU/ml 1.7 1.7 0.27 0.22 15.9 0.221 0.67 0.36 39.6 0.073
von Willebrand factor, % 153 37 5.50 4.60 3.6 0.242 18.0 7.13 11.8 0.018
Definition of abbreviations: MCH  mean red blood cell volume; MCHC  mean red blood cell hemoglobin; MCV  mean red blood cell hemoglobin concentration;
PM  particulate matter.
Only parameters with p  0.1 are listed (p  0.05 are significant). Blood was sampled 14 hours after the shift ended. Effect estimates are in absolute values (slopes
with SE) and as a percentage change relative to the mean.
was true for each individual trooper (shown in Figure E1D in
the online supplement) as well as for the group as a whole. MCV
was also significantly associated with PM2.5Mass. The potential
effect of osmolality on MCV and MCHC was assessed by stand-
ardizing them to the average osmolality (MCV multiplied by
the osmolality of the sample and divided by the average osmolal-
ity; the inverse for MCHC). This standardization did not change
the effect estimates listed in Table 3 but did increase the statisti-
cal significance.
Associations with Ambient and Roadside PM2.5 Concentrations
Figure 1 summarizes the associations between time–domain
HRV parameters, ectopic beats, and selected vascular compo-
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Figure 1. Selected heart rhythm (A ) and blood (B ) parameters. Comparison of fine particulate matter (PM2.5) effect estimates for the two in-vehicle
methods (PM2.5Lightscatter, closed circles; PM2.5Mass, open circles) and for the gravimetric data from the ambient site (open squares) and the roadside
locations (open triangles). Lines indicate the 95% confidence intervals of the effect estimates. The effect estimates for MCV were multiplied by 10
to better fit the scale.
nents; and PM measured in-vehicle, at the roadside, and from
fixed-site community monitors. The most consistent effect esti-
mates across all PM2.5 measurements were seen with ventricular
ectopic beats. Effect estimates for roadside PM2.5 and several
effect estimates for ambient PM2.5 tended to be smaller than the
comparable in-vehicle effect estimates. Roadside mass resulted
for most parameters in the smallest effect estimates. For each
parameter, in-vehicle PM2.5Mass had the widest confidence inter-
vals compared with all other PM2.5 measures, whereas PM2.5Roadside
had wider confidence intervals than PM2.5Ambient.
Potential Confounders
The potentially confounding effects of CO, NO2, and relative
humidity were investigated by including them in bivariate models
with PM2.5. These co-pollutants were to some extent correlated
to PM2.5 (Table 1), which makes them potential confounders of
PM2.5 effects. The procedure led to minimal changes in most
effect estimates for the HRV parameters (see Figure E2 in the
online supplement). However, for ventricular ectopic beats, in-
cluding NO2 and relative humidity broadened the 95% confi-
dence intervals and made the effect estimate for PM2.5Lightscatter
nonsignificant. The same relationship was observed with CO and
supraventricular ectopic beats. In both cases, the effect estimates
(slopes) themselves were little changed. None of the effect esti-
mates for NO2, CO, or relative humidity were significant in any
of these models.
Controlling the blood parameters for the same confounders
did not reduce the effect estimates for the PM2.5 associations with
MCV, von Willebrand factor, and C-reactive protein. However,
for CO and leukocyte percentages (percentage of neutrophils and
percentage of lymphocytes), the bivariate models showed a clear
drop in the PM2.5 effect estimates (especially for PM2.5Lightscatter),
and the 95% confidence intervals were broadened to include
zero. None of the effect estimates for NO2, CO, or relative hu-
midity were significant in any of these models.
The potential influence of stress was controlled by including
the number of accidents during the shift, the number of citations
issued, “other” activities, and the total number of law-enforce-
ment activities. Controlling the HRV parameters for these fac-
tors had virtually no effect on either the effect estimates or the
confidence intervals. However, significant effect estimates for
the association between PNN50 and PM2.5Lightscatter resulted after
controlling for the number of accidents (slope of 5.68  2.56,
p  0.04), “other” activities (6.20  2.24, p  0.01), and total
number of law enforcement activities (5.54  2.56, p  0.04).
938 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 169 2004
DISCUSSION
This study investigated the effects of relatively low levels of
PM2.5 exposure inside vehicles in a selected group of young,
healthy, nonsmoking, fit, male highway patrol troopers. The
troopers showed significant and strong increases of HRV, ectopic
beats, blood inflammatory and coagulation markers, and MCV
in association with the in-vehicle exposure to PM2.5. These novel
findings could be helpful in better understanding the pathophysi-
ologic processes subsequent to PM2.5 exposure that can lead in
susceptible populations to increases in cardiovascular morbidity
and mortality.
Normal values for all baseline blood work attest to the excel-
lent general health of the troopers. The fitness of the troopers
is evidenced by their average body mass index of 27 and their low
resting pulse (approximately 60 beats per minute). The slightly
elevated serum osmolality (average of 296 mOsm/kg) possibly
reflects slight dehydration secondary to inadequate fluid replace-
ment during the work shift. Overall, these troopers represent a
clinical subgroup that appears to be at very low risk for cardiac
or other adverse health conditions.
PM2.5 was relatively low inside the cars compared with the
24-hour National Ambient Air Quality Standard for PM2.5 of
65 g/m3 and mostly in the “green” and “yellow” range of the
air quality index (i.e., below 40 g/m3 PM2.5). PM2.5 was measured
gravimetrically and also estimated with a light-scattering device.
The two methods resulted in almost identical averages and were
highly correlated (Table 1). However, the PM2.5 levels estimated
by light scattering had a larger variability, as reflected by the
interquartile range. This is consistent with earlier studies com-
paring these two devices (22). Gravimetric particle measures
are strongly influenced by large particles, whereas the light-
scattering device estimates are more influenced by particle num-
bers. Inside the patrol cars, the two methods appear to reflect
these differences: PM2.5Mass represents exposure to some coarse
mode material from suspended road dust as well as to ambient
accumulation mode particles, whereas PM2.5Lightscatter represents
ambient particles and fresh combustion particles, which occur
in high numbers in the smaller accumulation size range.
Inflammatory markers in the peripheral blood collected 10
to 14 hours after the work shift were associated with the PM2.5Mass
concentration in the cars. von Willebrand factor, a marker for
endothelial activation and thrombosis (23), the inflammatory
marker C-reactive protein, and the percentage of neutrophils
were increased, whereas the percentage of lymphocytes was de-
creased. These data suggest that PM exposure causes slight vas-
cular inflammation. It is possible that this inflammation was
restricted to the peripheral lung, where a large proportion of
fine particles is deposited (24, 25). Our findings suggesting PM2.5
exposure to cause inflammatory processes is consistent with
other studies, which reported elevated C-reactive protein levels
(8) and inflammatory cell numbers (13) as a consequence of
PM2.5 exposure.
The inflammatory blood markers for which we observed
changes have been previously linked to increased morbidity. A
recent prospective study showed increased von Willebrand factor
to be associated with an increased risk of coronary heart disease
and nonfatal myocardial infarction (26). Increased C-reactive
protein levels were also associated to cardiovascular diseases (27)
and coronary calcification (28). It was reported that C-reactive
protein was an even better long-term predictor for cardiovascu-
lar events than cholesterol (29), although the predictive value
of increased levels of C-reactive protein for these diseases is still
disputed (30). The low concentration of C-reactive protein in
the serum of the troopers (average of approximately 1 mg/L)
suggests a relatively low cardiovascular risk (29). Nevertheless,
the consequences of several years of daily exposure to in-vehicle
pollutants for the development of arteriosclerosis, particularly
if these pollutants increase markers of systemic inflammation,
remain unclear.
The various inflammatory markers differed in the strength
and significance of their association to particle concentrations
at the various locations and in the effects of potential confound-
ers on the association. These differences could reflect several at
least partly independent inflammatory processes in response to
the particles or their components: The association between the
inflammatory markers and PM2.5Mass was much tighter compared
with PM2.5Lightscatter. Consequently, the larger accumulation size
particles might be more important for the inflammatory process
observed. There was no association of neutrophils, lymphocytes,
and C-reactive protein to roadside and ambient particle concen-
trations, and PM2.5Mass lost significance in the model with CO
(whereas CO had no significant effects in this model). This can
be explained by two possibilities: (1) Other combustion products
(and not solely particle mass) might be important for the leuko-
cyte response as well, or (2) mostly traffic-related particles (with
CO as an indicator for traffic) were causing the response. Future
analyses of co-pollutants and particle composition might answer
the question, whether particles from traffic sources might have
caused this strong inflammatory response.
The increase of the red blood cell volume MCV associated
with increasing PM2.5 could not be explained by decreased serum
osmolality and therefore could be a consequence of particle
components or inflammatory mediators interfering with the vol-
ume regulatory ion channels and/or pumps in the erythrocytes
(31). These changes in MCV also raise a question about potential
effects of PM2.5 exposure on ion channels and/or pumps in other
cell types. An earlier study (32) found PM-associated changes
in red blood cell count, hematocrit, and hemoglobin concentra-
tion. No results were reported for MCV. They proposed periph-
eral sequestration of red cells as an explanation. However, our
results favor a mechanism that affects the volume of red blood
cells.
The troopers’ resting HRV after the shift (at midnight before
going to bed) was influenced very little by the PM2.5 exposure
during the shift. Instead, the HRV changes across the shift
seemed to reflect mostly a diurnal pattern and a normal physio-
logical change from daytime to late evening. The changes are
in a range similar to those observed for preshift and postshift
HRV of emergency physicians on a night shift schedule (33), in
steel workers on evening shift (34), and between sleep and work
in nurses (35). Only PNN50 showed some association with
PM2.5Lightscatter (p  0.051, significant after controlling for some of
the activity parameters). This might indicate that some HRV
changes had already started at midnight, although the changes
were mostly too small to be detected within the noise from the
daily activities and the daytime variation.
The HRV parameters were highest in the morning on arising.
This is in contrast to a study of HRV in nurses (35), which
reported that HRV at the time of awakening was equal to day-
time levels. The mixed model analysis of the trooper’s data
suggests that this increase of HRV was mostly a consequence
of the preceding in-vehicle PM2.5 exposure and not simply a
diurnal pattern. Furthermore, the increase in the HRV from the
afternoon to the next morning was similar to that reported for
steel workers (34), who (like the troopers) have occupational
exposure to PM2.5 and physically demanding work.
This study shows a strong and consistent increase of HRV
in association with PM2.5. The pattern of HRV-responses suggests
increased vagal activity, that is, the involvement of the nervous
system in the response to PM. Studies about the interactions
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between the immune system and the brain report local inflam-
matory reactions to increase the vagal sensory input to the brain,
which again can result in increased vagal output (as reviewed
in 36). Our results indicating mild inflammatory processes in the
lungs and increased vagal output to the heart would be in agree-
ment with these models. However, our HRV results are in con-
trast to earlier observational studies in panels of older individuals
(10, 11), in older cardiac patients (12), and in middle-aged boiler-
makers (37), as well as controlled exposure experiments in older
subjects (38), in whom a small decrease of HRV in association
with PM2.5 exposure was observed (the boilermakers showed a
very small increase in SDNN in association with concentrations
of some metallic components of the particles) (39). These oppos-
ing results might be caused by differences in age, cardiovascular
fitness, or prevalence of cardiovascular disease. In one study with
older subjects (10), only the group with cardiovascular conditions
showed a decreased SDNN in response to the PM2.5 exposure
of the same day. Controlled exposure to residual oil fly ash
caused decreased SDNN as an immediate reaction in rats with
prior myocardial infarction, but not in healthy control rats (40).
Age per se might be important as well because the subjects from
the previously cited controlled exposure study (38) had a mean
age of 67 years. Vagal function is reduced in the aged and in
clinical populations such as diabetics (41–43). This can lead to
differences in the heart’s response to the vagal output because
different competitive vagal pathways are involved in the auto-
nomic control of the heart rate (44). The troopers were young
and physically fit and were with a well-conditioned and respon-
sive cardiovascular system. Consequently, our results might re-
flect a “healthy” physiologic response to PM as compared with
the older subjects, cardiac patients, and the middle-aged boiler-
makers who have a reduced cardiovascular dynamism and
changed vagal function.
Premature supraventricular ectopic beats increased 23%, and
ventricular ectopic beats increased 19% for each 10 g/m3 in-
crease in PM2.5Lightscatter. At the same time, the markers of parasym-
pathetic input to the heart suggested an increased vagal tone:
the LF/HF ratio was decreased by 21%, and HF, PNN50, and
SDNN were increased by over 10%. These findings implicate a
vagal mechanism of the premature ectopic beats. Fluctuations
in autonomic tone have been reported to be associated with the
triggering of atrial arrhythmias (45) and may thus offer insight
into the mechanism of arrhythmias associated with air pollution.
The observation that the relationship was strongest with the
PM2.5Lightscatter indicates that fine particles are more likely to medi-
ate the cardiac responses.
In cardiac patients, increased HRV and heart rate were ob-
served in the period before the onset of postoperative atrial
fibrillation, which suggested vagal resurgence competing with
sympathetic activity to be the primary mechanism responsible
for the triggering of atrial fibrillation (46). The consequences of
an increased vagal tone in healthy young people are not well
defined. Apparently, the increase in (benign) ectopic beats might
be related to the increase in vagal tone. It is unclear whether
this poses any risk to the troopers, although it does represent a
PM2.5-induced alteration of normal homeostatic control.
Conclusions
In-vehicle PM2.5 exposure of healthy, young, nonsmoking, male
North Carolina State Highway Patrol troopers was associated
with significant increases in vagal activity, as reflected by the
changes in HRV, with increased number of ectopic beats and
with increases in MCV and in peripheral blood inflammatory
and coagulation markers. These effects were observed a few
hours after the exposure and suggest two general pathophysio-
logic pathways subsequent to PM2.5 deposition in the peripheral
lungs: (1) via proinflammatory and prothrombotic blood changes
and (2) via changes of cardiac autonomic control mechanisms.
The changes observed do not seem desirable and suggest that
exposure to in-vehicle PM2.5 should be minimized.
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